There is an increasing interest in real-
Tumor cell surface contains a lot of biomacromolecules such as glycoprotein, glycans, glycolipid and other kinds of proteins which include various biological information of cellular characteristics 1 . It is well known that abnormal expression patterns of biomacromolecules on cell membrane are usually associated with various of diseases, especially for cancers 2, 3 . Thus an increasing kinds of diagnostic approaches have been developed to profile the expression of biomarkers on cytoplasmic membrane 4, 5 . Among these biomarkers, tumor endothelial marker 8 (TEM8), a highly expressed cell surface membrane protein during tumor cell angiogenesis and migration 6, 7 , was a newly identified conserved tumor marker both in mouse and human colon cancer tissue [8] [9] [10] . Due to its dual roles as anthrax toxin receptor 1 and cancer biomarker, targeting this antigen will help to develop an effective therapeutic strategy based on anti-angiogenesis 11 . However, by far we have little knowledge about the details of the binding behaviors between TEM8 and Ab/PEP at time resolution level, which was crucial for TEM8 targeted anti-cancer drug development based on anti-angiogenesis.
In current research advances, developing a selective fluorescent probe or isotope labeling reagent for imaging and spectral analysis is the mainstream direction to probe tumor tissue and cancer cells related biomarkers 12, 13 . For example, a radioactive isotope or chemiluminescence dye labeled antibody can be used to imaging TEM8 expression in vitro 14 . However, compared to label-free method, these labeled imaging techniques can be only used at one time point, and may be harmful to human health and environment.
Over the past decade, many new biosensing techniques for in-situ and real time cellular analysis involved in bio-analytical chemistry 15 , such as the resonant waveguide grating biosensors (RWG) 16 , quartz crystal microbalance (QCM) 17 , light addressable potentiometric sensor(LAPS) 18 and surface plasmon resonance (SPR) , have been gradually established. Among these biosensing protocols, SPR, an optical sensing technology that characterizes the changes of refractive index resulting from binding events of the interface between the evanescent field and targets, is an emerging technique to characterize biomolecular interactions over the sensor surface 20, 21 . For cytosensing, optical signal of SPR arises from the cellular response (e.g., cell mobility and viability) from extracellular stimulation, not directly from molecular binding. Since Giebel K.F. applied this technique in living cell analysis for the first time 22 , SPR has been widely used to characterize various cellular processes 23 , including cell morphology changes 24 , cellular response to environmental stress 25 , cell-protein interactions [26] [27] [28] and other cellular activities 29 . This is mainly due to its advantages in label-free and real-time analysis of living cells, which are significantly important for cell based drug screening and evaluation.
By fixing the incident light near the resonance angle coupled in a prism, the resonance wavelength shift versus time of reflected light can be monitored by a spectrometer, which was named wavelength-modulated SPR (WMSPR) 30, 31 . Comparing to the angle-modulated SPR, a WMSPR based instrument exhibited prospects of miniaturization and possibility to be used in remote analysis 32 . To date, however, wavelength-modulated SPR were widely applied to develop an immunosensor but rarely used in whole living cell biosensing [33] [34] [35] . In the present study, a custom-designed and compact wavelength-modulated SPR setup was built using double parabolic mirrors. The refractive index sensitivity of the SPR sensor was evaluated. More importantly, Anti-TEM8 monoclonal antibody and a targeted sequence of polypeptide (PEP, KYNDRLPLYISNP, referred from reported literature 36 ), which was able to specifically bind to TEM8 on membranes of human colon carcinoma cell line SW620, was utilized as a recognition element to target TEM8.
Results
The performance of WMSPR biosensor. The schematic diagram of WMSPR setup is shown in Fig. 1 .
It is worth mentioning that our self-designed SPR setup is compact and the sizes in three-dimension are 37.5 cm × 20 cm × 12.5 cm (see photograph of the setup in Supplementary Fig. S1 online) . Figure 2 demonatrates the WMSPR sample flowing system and schematic representation of cell sensing testings on the Au film. The sensing system is facile to realize, due to two parabolic mirrors used to simplify the light path. To demonstrate the sensitivity of the self-designed WMSPR sensor, the refractive index variations and immune sensing were conducted. In Fig. 3(a) , with increasing concentrations (from 2% to 16%) of sucrose being injected into the sensing system, the resonance spectra from curve a to curve i show obvious red-shift and the corresponding resonance wavelength (RW) moved from 640 nm to 690 nm, which was attributed to the corresponding changes of refractive index of sucrose solution. The inserted graph in Fig. 3(a) shows the standard curve of resonance wavelength shifts of the resonance curves, which indicated that the net shifts of RW were well in proportion to the refractive index changes. Consistent results were also obtained in Fig. S2 (see Supplementary Fig.  S2 online), which demonstrated the SPR detection of ethanol. The SPR sensing for immune response of human IgG was also investigated using anti-IgG antibody. In Fig. 3(c) , the resonance wavelength shifts of five procedures in IgG detection were demonstrated. According to the defined refractive index sensitivity (RIS, RIS = Δ λ /Δ n, where Δ λ and Δ n were net shifts of resonance peak and refractive index, respectively) in reported work 37 , the standard curve of sucrose y(Δ λ ) = 3.36583x− 0.12543, and the refractive index values in literature 38 , the relation between net shifts of peak wavelength (Δ λ ) and the refractive index of simple (n) could be described as Δ λ = 2220.86n− 2960.76. Considering RIS = Δ λ /Δ n, the RIS in our self-designed SPR sensor was ~2220 nm/ RIU. Since the resolution of spectrometer using in the SPR sensing system was 0.3 nm, the presented sensor can detect the minimum change of refractive index at 1.5 × 10
Validate the expression of tumor endothelial marker 8. Indirect immunofluorescence assay is used to detect the antigen expression of tumor cells 39 . In Fig. 4 , SW620 cells were incubated with Ab and FITC-conjugated goat anti-mouse IgG (FITC-IgG, also named secondary antibody) subsequently (a) or only incubated with FITC-labeled secondary antibody as the negative control (b). The green channel (FITC) shows the expression of TEM8 and the blue (Hoechst) indicates the locations of cell nucleus. As shown in the overlay images of a3 and b3, much stronger green fluorescence was found in a3 than that in b3, which demonstrates a high expression level of TEM8 in SW620 cells. Similar results were also obtained in another cancer cell line, MCF-7 (See details in Supplementary Fig. S3 online), which also confirmed that the anti-TEM8 antibody used throughout the experiments was able to specifically bind to cell surface.
Anti-TEM8 antibody binding response. Anti-TEM8 antibody (Ab) was used to excite the SPR response via binding SW620 cell over the sensor chip interface. After obtaining a steady resonance signal as the reference SPR signal by injecting HEPES buffer solution into the sampling system, different concentrations of Ab were introduced to the surface of sensor chip in sequence. As indicated in Fig. 5 (a), comparing with the reference signal, the resonance wavelengths (RW) of Ab injection showed an evident change, which was attributed to the specific immune response between Ab and antigen epitope on the cell surface. However, as is well-known, interactions between cell membrane and Ab are sophisticated and random events. And the maximum penetration depth probing inside the sensing medium of SPR chip is ~ 200 nm 29 , thus only binding events occurred near the sensing chip surface on cell membrane can be detected. Therefore, the peak shifts of RW were not strictly proportional to the concentrations of Ab, which was in accordance with reported literature 40, 41 . Finally, the cell sensor chip regeneration and desorption between cells and Ab was achieved by injecting 0.2 M Gly-HCl buffer (pH 2.6). It can be found in the graphic symbol of Fig. 5 (a) (The recovery step) that even after 10 min of desorption, the RW cannot return to base line, which indicates high-affinity between cells and Ab.
On the other hand, to track the RW shifts in a time-resolved mode, the resonance spectra versus different reaction time were recorded and demonstrated in Fig. 5(b) . It can be found that as the time went on, the RW gradually increased, which indicates increasing intensity of interactions in cell membrane mediated immune response. Similar results were also obtained by introducing 1 μ g/mL Ab to the flow chamber (see Supplementary Fig. S4 online). Moreover, the resonance peak shifts versus reaction time in Fig. 5(c) demonstrated that the immune response achieved a balance after 20 min both at high (5 μ g/mL) and low (0.01 μ g/mL) concentrations of Ab, which was a short period for immune reaction. After all, Fig. 5(d,e) show the visual observations under phase contrast microscopy before biosensing and after SPR sensor regeneration, which displayed no evident changes of cell morphology.
Polypeptide based specific recognition and SPR sensing. The specific binding ability to TEM8 on SW620 cells of the synthetic polypeptides (PEP) used in the present work was also verified in a modified immunofluorescence-like assay. PEP-cell recognition based confocal imaging is demonstrated in Fig. 6 . SW620 cells were treated with FITC-labeled PEP (a) and unlabeled PEP (b) as a negative control to exclude cellular auto-fluorescence. As shown in the merged images in Fig. 6(a,b) , much stronger green fluorescence was found in (a) than that in (b), which indicates the high-affinity of the PEP and TEM8. Considering the facts discovered here, the monolayer cell sensing substrate on the Au film was also exposed to different concentrations of PEP. As displayed in Fig. 6(c) , the RW shift observed at 10 μ g/mL PEP was larger than that at 1 μ g/mL but was nearly the same to 100 μ g/mL. These results illustrate the facts that a stronger interaction occurred between PEP and TEM8 with the concentration increasing but the peak shifts reached its saturation concentration at 100 μ g/mL.
Binding specificity experiments. Biological molecules can play roles of recognition elements to capture targeted cells, due to the specific binding between cells and analytes 42, 43 . In order to explore the binding affinity of cell-Ab and cell-PEP on the Au film surface during SPR sensing, cell capture based SPR analysis was carried out. Micrographs obtained from scanning electron microscope (SEM) and fluorescence microscope determinate Ab and PEP coverage on the sensor chips (see Supplementary Fig. S5 online) . In Fig. 6(d,e) , direct observations of the testing area of the Au film surface were obtained under phase contrast microscope after cell capture based SPR assay. Although there is huge difference in size between cells and molecules, some cells still could be captured by Ab and PEP coated sensor chips and slight shifts of RW were found after 20 min of cell capture SPR experiments after non-specific adsorption had been excluded by Gly-HCl buffer solution (Fig. 6(f) ). Considering the interface of biochip was simply modified for direct experiments in this work, more cells would be captured by amplification strategies to excite stronger SPR signal 44, 45 . The sensor chip modification was optimized by comparing the cell capture capacity of the sensor chips using MPA and MUA. It can be seen that MUA significantly improved the cell binding ability of the sensor chip (see Supplementary Fig. S6 online) . Cell capture experiments of SPR using human normal breast CCD-1095Sk cell line show much weaker sensor response than that of SW620 cells. Another human cancer cell line, MCF-7, which is also proved to be high-level expression of TEM8, also shows obvious sensor response (see Fig. 6 (f) and Supplementary Fig. S6 online) . All of these results indicate the sensor specificity for cancer cell analysis and are in accordance with cell immunofluorescence and polypeptide recognition based fluorescence imaging mentioned above. Additionally, the cytosensing specificity experiments of Ab and PEP in Fig. 7 also show that the cell sensor chip exhibits more evident resonance peak shifts response to Ab and PEP than other kinds of interfering proteins such as serum, antibodies and peptides. 
Discussion
The traditional labeled technique of immunofluorescence imaging (See cell immunofluorescence in Methods section) is sophisticated and time-consuming. Thus it was necessary to develop a label-free method in detection of TEM8 on cell surface. The main purpose of this paper is to demonstrate the feasibility to target living cell surface receptor of TEM8 using wavelength-modulated SPR biosensor. To the best of our knowledge, this is the first reported method combining wavelength-modulated SPR with living tumor cell sensing. In addition, the affinity interactions between the newly discovered biomarker of TEM8 and specific polypeptide were firstly introduced to SPR analysis.
The self-designed wavelength-modulated and Kretschmann prism configuration based SPR cytosensor using dual parabolic mirrors can simplify the light path of sensor setup. The biosensor shows an evident resonance wavelength response to target cell surface TEM8 both using Anti-TEM8 monoclonal antibody and specific sequence of polypeptide. Cancer cell lines with different expression levels of TEM8 can be distinguished by WMSPR analysis. For TEM8 detection on SW620 cell surface, the binding events between Ab and biomarker of TEM8 can induce the intracellular signaling pathways downstream this membrane protein and contribute to the refractive index changes close to the evanescence field. The concentration range of Ab for quantitative monitoring of the biomarker expression is 0.01~0.1 μ g/mL (inserted in Fig. 5(a) ). Concentration of Ab that higher than 0.5 μ g/mL is unnecessary. The balance time of interactions between tumor cells and TEM8 antibodies was about 20 min and the minimum concentration of specific polypeptide that could be identified by tumor cells is 1 μ g/mL, indicating that TEM8 was a promising target for anti-angiogenesis based anti-cancer drug development.
The present sensitivity of sensor can meet requirements of qualitative analysis of cancer cell, while the sensitivity of the sensor could be improved by an order of magnitude just by employing a better spectrometer (e.g., LTB ARYELLE 200 with spectral resolution ~0.084 nm, LTB, Berlin, Germany). Meanwhile, the cell binding capacity of the sensor chip was improved via reducing the sample flowing speed to 50 μ L/min to avoid fluid shear stress that can be responsible for desorption of cells from sensor chip. In brief, after more experimental details being optimized in our following work, the developed WMSPR biosensor could be a promising approach for real-time qualitative and quantitative monitoring of the biomarker expression on tumor cell surface including other tumor surface antigens. Comparing with conventional techniques of immunofluorescence and western blotting, the intact living cells based in situ and label-free biosensor can provide a low-cost and time-saving detection of tumor cell. In addition, the polypeptide may act as a candidate of specific drug carrier in cancer therapy. The present sensor can also be adapted to other cellular process monitoring, which will benefit a better understanding to cellular behaviors related evaluations of antibody and drug screening.
Methods
Chemicals and cell lines. Poly-L-lysine (MW ≥ 300,000), Hoechst33342 and fluorescein isothiocyanate (FITC) were from Sigma-Aldrich, China. 3-Mercaptopropionic acid (MPA), 11-Mercaptoundecanoic acid (MUA) and ethanolamine (ETA) were obtained from Aladdin, China. 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC, purity 98.0%) and N-hydroxysuccinimide (NHS, purity 99.0%) were from Chengdu Ai Keda Chemical Technology Co., Ltd., China. Fetal bovine serum (FBS) was received from Biological Industries, Israel). 0.25% trypsin-EDTA, penicillin-streptomycin (100 units/ml and 100 μ g/ml, respectively) were from Solarbio Co., Ltd., China). Dulbecco Modified Eagle Medium (DMEM, Hyclone) and 4-(2-hydroxyethyl)-1-piperazine ethanesulphonic acid (HEPES) were obtained from Aoke Biotechnology Co., Ltd., China. Mouse monoclonal antibody of Anti-TEM8 was purchased from Abcam (Clone number 200C1339). FITC-conjugated goat antimouse IgG as a secondary antibody was purchased from OriGene (Catalog No. TA130013). The synthetic FITC labeled and unlabeled polypeptide chains with sequence of KYNDRLPLYISNP (MW = 1592.83, purity > 99%) Figure 7 . Specificity of antibody and peptide based SPR cytosensing. The 5 random selected proteins are 1% Bovine Serum Albumin (BSA), 1% goat serum, 5 μ g/mL of goat anti-mouse immunoglobulin (GAM-IgG), human immunoglobulin (h-IgG) and human CD44 protein (h-CD44). HEPES buffer solution was injected as the blank control group. All mean values and the standard error bars were obtained from three replicates of tests.
were obtained from Shanghai Top-peptide Biotechnology Co., Ltd., China. Human colon carcinoma SW620 cell line, human breast carcinoma MCF-7 cell line and human normal breast CCD-1095Sk cell line were kindly provided by State Key Laboratory of Biotherapy, Sichuan University and Shanghai Cell Bank of Chinese Academy of Sciences. Other reagents are of analytical grade and sterile water was used throughout the whole experiment.
Fabrication of SPR setup. In our custom-made wavelength-modulated SPR equipment, a white compound light beam emitted from a halogen tungsten lamp (SLS201/M, Thorlabs, USA) was collimated to parallel light by a reflective collimator, which was also named parabolic mirror (RC02SMA-P01, Thorlabs, USA). Then the light was polarized by a linear polarizer (LPVISE050-A) and passed through a Kretschmann configuration of BK7 prism based on total internal reflection to realize plasmon resonance. After that, the reflected light coupled from the prism was collected by another parabolic mirror (RC12SMA-P01, Thorlabs, USA) and connected to a fiber-optic spectrometer (AvaSpec-ULS2048, Avantes China) with a wavelength resolution of 0.3 nm ranging from 190 to 750 nm. The shifts of resonance wave excited by simple injection and molecular interactions via wavelength scanning mode were recorded and analyzed by the software of AvaSoft 7.7.
Cell lines, sensor chip and simple flowing system preparation. SW620 and MCF-7 cells were cultured at 37 °C in a humidified atmosphere of 5% CO 2 and 95% air in DMEM containing 10% of fetal bovine serum and 1% of penicillin-streptomycin, and maintained in a CO 2 incubator (MCO-15AC, Sanyo, Japan). Cell growth status was observed under inverted phase contrast microscope (MI-12, Guangzhou Ming-Mei Technology, Co., Ltd., China). To prepare the cell sensor chip, a BK7 glass slide (35 mm × 25 mm × 0.7 mm) was cleaned with piranha (H 2 O 2 :H 2 SO 4 = 1:3, V/V) and N 2 flow drying. Then 2 nm of Cr adhesive layer and 48 nm of Au film were evaporated onto the glass substrate by magnetron sputtering deposition (Institute of Optics and Electronics, Chinese Academy of Sciences). The thickness of Au film was monitored using a surface profiler (XP-200, Ambios Technology, USA). After that, the chip was rinsed with deionized water and sterilized under ultraviolet irradiation for 30 min. Finally, the Au film was coated with poly-l-lysine solution (0.02 mg/mL) and immersed in media with SW620 in cell culture dish at a density of 2 × 10 5 cells/mL for 24 h before SPR experiments ( Fig. 2(a) ). To match the Au film with BK7 prism, the glass substrate of the chip was coated with a thin layer of BK7 matching liquid (n = 1.5167, Cargille Laboratories, USA). The 3D image of self-designed flowing system for SPR was presented in Fig. 2(b) . The volume of the flow chamber is about 200 μ L (20 × 10 × 1 mm in dimension). In typical SPR sensing experiments, fluid simple in mobile phase was injected onto the sensor chip surface in the flow chamber ( Fig. 2(c) ).
Refractive index sensitivity, sensor regeneration and IgG immunosensing. The refractive index sensitivity is a crucial parameter for evaluating the SPR sensor and it can be measured by monitoring the shifts of resonance wavelength. Herein, the increasing concentrations of micromolecule solution such as sucrose and ethanol were utilized to test the signal response to the change of refractive index on the sensor surface. Typically, the concentrations of sucrose and ethanol solutions above varying from 2% to 20% (w/w), and 10% to 80% (v/v) were injected to the flow chamber. The fitted linear standard curve was plotted to explore the linear range of the refractive index. Finally, the refractive index sensitivity (RIS) was defined as Δ λ /Δ n (Δ n, in refractive index unit (RIU)). To evaluate the immune response of the sensor, human IgG SPR immunoassay was conducted. The Au film was incubated with 8 mM MUA solution at room temperature overnight and activated by 400 mM EDC and 100 mM NHS for 10 min. After washing with deionized water, the sensor chip was immersed in 30 μ g/mL of Anti-IgG antibody and incubated at 37 °C for 30 min. The redundant carboxyl groups on the chip were blocked by 1 M ethanolamine (ETA) for 40 min to avoid non-specific reaction. Scanning electron microscope (SEM, JSM-7500 F JEOL, Japan) and fluorescence microscope (IX83, Olympus, Japan) was used to confirm Ab and PEP coverage on the sensor chips. The Anti-human IgG antibody coated chip was mounted under the prism and various concentrations of human IgG were subsequently injected into the sample chamber. The corresponding resonance spectra of each concentration were recorded after 20 min.
Cell immunofluorescence and polypeptide fluorescence imaging. To validate the expression of TEM8 on SW620 and MCF-7 and the specific recognition to human colon carcinoma cells of polypeptides, immunofluorescence and fluorescence imaging were conducted as the following steps. Cell coated coverslip was fixed with 4% paraformaldehyde at 4 °C for 10 min and blocked with 5% normal goat serum at room temperature for 1 h, and then incubated overnight with 10 μ g/mL anti-TEM8 antibody at 4 °C. After that, the slide was incubated with FITC-conjugated goat anti-mouse antibody (10 μ g/mL) at room temperature for 30 min. For the polypeptide recognition and fluorescence imaging, cells were incubated with 5 μ g/mL FITC-labeled polypeptides in the dark at room temperature for 30 min. At last, cells were stained with Hoechst33342 (10 μ g/mL) at 37 °C for 10 min. Note that the coverslips were washed slightly by PBST (phosphate buffer containing 0.2% Tween-20) for 3 times after each step. Cell fluorescence was observed under confocal laser scanning microscopy (CLSM) (FV1000, Olympus, Japan).
Living cell based SPR biosensing. Although two cell lines referred above both exhibited high expression of TEM8, in this paper we mainly focus our work on SW620 to demonstrate the feasibility to target this cell surface receptor using wavelength-modulated SPR biosensor. Thus SW620 cells were seeded on the Au film with a density of 2 × 10 5 cells/mL and incubated in a culture dish for 48 h. When the monolayer cell confluence reached to 90%, the cellular sensor chip was mounted in the sample flow system. All experiments were conducted at room temperature (25 °C) using running buffer of HEPES solution (including 20 mM HEPES, 120 mM NaCl, 5.3 mM KCl, 0.8 mM MgSO 4 , 1.8 mM CaCl 2 and 11.1 mM dextrose, pH 7.4) containing 5% FBS. For anti-TEM8 antibody (Ab) based cytosensing, various concentrations of Ab (including 0.1, 1.0 and 5 μ g/mL) were injected into the simple cell to flow over the surface of the cells coated chip with a reaction time of 10 min. At last, the chip regeneration profiles were measured by injecting 0.2 M Gly-HCl buffer (pH 2.6) with a flowing time of 10 min. For comparative biosensing of PEP (including 1, 10 and 100 μ g/mL), the protocol was similar to that of Ab assay. Note that the unbound analytes were removed by reinjection of buffer solution. (d) ~ (g) in Fig. 2 demonstrate the living cell based SPR biosensing procedures. Additionally, SPR cell sensor chip was visually observed under phase contrast microscopy before biosensing assay and after the sensor regeneration.
Cell capture and sensor specificity evaluation. To validate the binding affinity of cell-Ab and cell-PEP, SPR sensing chip immobilized with anti-TEM8 antibodies or polypeptide were utilized to capture SW620 cells, respectively. The coating method was the same as the human IgG immunosensing of Methods part above. The peak shifts of resonance waves were recorded and the testing areas of the sensor chip surface were monitored by phase contrast microscope after three kinds of cell lines, SW620, MCF-7 and CCD-1095Sk cell capture of SPR analysis. Finally, the specificity of the sensor was evaluated. SPR sensor response of 5 random selected proteins (approximately equivalent in concentration) in the lab including: 1% Bovine Serum Albumin (BSA), 1% goat serum, 5 μ g/mL of goat anti-mouse immunoglobulin (GAM-IgG), human immunoglobulin (h-IgG) and human CD44 protein (h-CD44) were compared with 5 μ g/mL of Ab and PEP.
